To clarify the molecular bases of flowering time evolution in crop domestication, here we investigate the evolutionary fates of a set of four recently duplicated genes in soybean: FT2a, FT2b, FT2c and FT2d that are homologues of the floral inducer FLOWERING LOCUS T (FT). While FT2a maintained the flowering inducer function, other genes went through contrasting evolutionary paths. FT2b evolved attenuated expression potentially associated with a transposon insertion in the upstream intergenic region, while FT2c and FT2d obtained a transposon insertion and structural rearrangement, respectively. In contrast to FT2b and FT2d whose mutational events occurred before the separation of G. max and G. soja, the evolution of FT2c is a G. max lineage specific event. The FT2c allele carrying a transposon insertion is nearly fixed in soybean landraces and differentiates domesticated soybean from wild soybean, indicating that this allele spread at the early stage of soybean domestication. The domesticated allele causes later flowering than the wild allele under short day and exhibits a signature of selection. These findings suggest that FT2c may have underpinned the evolution of photoperiodic flowering regulation in soybean domestication and highlight the evolutionary dynamics of this agronomically important gene family.
INTRODUCTION
Crop domestication provides an outstanding opportunity to understand the evolutionary dynamics of adaptive traits at the genetic level. Intense selection by humans during the domestication and diversification processes causes rapid and directional changes in a set of agronomically important traits, known as the domestication syndrome (Hammer, 1984) . The domestication syndrome typically involves non-shattering of seeds, reduced branching, apical dominance, large fruit or grain size, and early and synchronized flowering and maturation (Doebley et al., 2006) . Despite the recurrent evolution of these trait characteristics, genetic causes of such phenotypic similarities among multiple crop species are largely to be elucidated.
Flowering, the transition from the vegetative to reproductive growth, is a major lifecycle event that determines plant adaptation and productivity. Highly conserved among angiosperm species, the key flowering regulator FLOWERING LOCUS T (FT) is induced in leaves by photoperiod as well as other environmental and endogenous signals, and moves systemically to the shoot apical meristem (SAM) where it interacts with the bZIP transcription factor FD and triggers expression of meristem identity genes to initiate the development of floral organs (Abe et al., 2005; Wigge et al., 2005; Corbesier et al., 2007) . In the model plant Arabidopsis thaliana (Arabidopsis), FT is activated by the circadian clock-regulated transcription factor CONSTANS (CO) under the flowering-inductive longday photoperiod (Su arez-L opez et al., 2001; Valverde, 2011) . The evolution of FT homologues has facilitated the regional adaptation of crop species (Wickland and Hanzawa, 2015) . In the short-day flowering plant rice (Oryza sativa), the FT homologues Heading date 3a (Hd3a) and RICE FLOWERING LOCUS T 1 (RFT1) contribute to early flowering and latitudinal adaptation of northern varieties (Tsuji et al., 2011; Ogiso-Tanaka et al., 2013) . In sunflower (Helianthus annuus), the FT homologue HaFT1 is implicated in its domestication (Blackman et al., 2010) . A frame-shifted HaFT1 allele is nearly fixed in domesticated sunflower and delays flowering compared with the wild allele. A heterologous transgenic experiment in Arabidopsis suggests that the domesticated allele interferes with another FT homologue HaFT4 in a dominantnegative manner.
Domestication of soybean (Glycine max) from its wild progenitor (Glycine soja) is thought to have occurred 6000-9000 years ago (Guo et al., 2010; Kim et al., 2012b) . Although a single origin of domesticated soybean has been widely accepted, emerging evidence indicates that a prolonged period of low intensity management or semicultivation at multiple locations in East Asia preceded the domestication event (Sedivy et al., 2017) . A focus of soybean domestication and diversification was selection for plants adapted to particular latitudinal photoperiod (Cober and Morrison, 2010; Kim et al., 2012a) . Analyses of major quantitative trait loci (QTL) underlying diversity in photoperiod sensitivities (E loci) identified variation in flowering-associated genes, including orthologues of the Arabidopsis flowering regulator GIGANTEA (GI) for the E2 locus (Watanabe et al., 2011) and the photoreceptor PHY-TOCHROME A (PHYA) for E3 and E4 (Liu et al., 2008; Watanabe et al., 2009; Wu et al., 2013) . Another major locus E1 encodes a legume-specific transcription factor (Xia et al., 2012) . The domesticated alleles of these E loci segregate at the small-moderate percentages among cultivated soybeans (Zhai et al., 2014b) , suggesting that these maturity loci have contributed to diversification or local adaptation rather than domestication. Although their roles in soybean domestication are unknown, the soybean genome possesses 10 FT homologues (Kong et al., 2010; Nan et al., 2014; Zhai et al., 2014a; Wang et al., 2015) . Among them, GmFT2a and GmFT5a are known to be the major functional FT orthologues. A transposon insertion in GmFT2a is shown to underlie the minor maturity locus E9 (Zhao et al., 2016) , while rare variation in transcript abundance of GmFT5a underlies a flowering time QTL under long days . Recently, a new FT gene copy, FT2c, has been predicted in the de novoassembled G. soja genome . This locus was reported as a pseudogene in G. max, as it contained only the fourth exon and 3 0 -UTR region of a typical FT gene structure.
Here we investigate the evolutionary trajectories and roles of a set of FT homologues derived from genome duplication events in soybean domestication. While these genes followed contrasting evolutionary paths, we found that a transposon insertion in FT2c occurred in a G. max lineage-specific manner and spread throughout domesticated soybeans at the early stage of soybean domestication, likely due to its effect on photoperiodic flowering. Our results suggest the possible roles of FT2c in the evolution of photoperiodic flowering and domestication of soybean, and point to evolutionary convergence shaping the flowering gene network in crop species.
RESULTS

Identification of functional FT2c in G. soja
In an attempt to examine the roles of FT homologues in the domestication and improvement processes of soybean, we compared their transcript levels between the reference variety of the domesticated soybean Glycine max (Williams 82) and the wild soybean Glycine soja (PI 549046) in our existing RNA sequencing data (Wu et al., 2014) . A striking difference between G. max and G. soja appeared on FT2c. This locus on chromosome 2 was regarded as a pseudogene in G. max, carrying only the fourth exon and 3 0 -UTR.
While the expression of this locus was constantly low in Williams 82, it was highly expressed in G. soja under flowering-inductive short day but low under long day, and exhibited a rhythmic pattern similar to that of FT2a, a previously characterized flowering inducer (Kong et al., 2010; Sun et al., 2011) (Figure 1a ). This observation prompted us to hypothesize that FT2c encoded a functional protein in G. soja. The intact structure of FT2c was also predicted in the de novo-assembled G. soja genome .
To obtain the full-length cDNA of the FT2c gene in G. soja, we conducted 5 0 -RACE (Scotto-Lavino et al., 2006) based on the sequence of the 3 0 region of this gene in Williams 82. FT2c cDNA in G. soja (GsFT2c) appears to encode a full-length and potentially functional FT-like protein of 177 amino acids. GsFT2c exhibits the highest sequence similarity to G. max FT2a (96.0%) among all FT homologues reported previously in Williams 82. To verify that GsFT2c is not the G. soja counterpart of GmFT2a or GmFT2b, that locates in tandem with GmFT2a on chromosome 16 and possesses the highest sequence similarity to GmFT2a, we cloned the full-length cDNA of FT2a and FT2b from G. soja (GsFT2a and GsFT2b) and confirmed that they encoded the same amino acid sequences with GmFT2a and GmFT2b, respectively, but differed from GsFT2c ( Figure 1b ). GsFT2a/ GmFT2a and GsFT2c clustered together in a neighbor-joining phylogenetic tree ( Figure 1c ). These results suggest that FT2a and FT2c are homeologs derived from a recent genome duplication event.
Evolution of the FT2 lineage in soybean
We cloned and sequenced the GsFT2c genomic region. A comparison of this sequence and the latest Williams 82 genome annotation data (www.phytozome.com, Wm82.a2.v1) revealed that the FT2c locus in Williams 82 possessed a 13.6 kb insertion in the third exon, resulting in two separate predicted gene models: Glyma.02G069200 and Glyma.02G069500 (Figures 2a and  S1 ). A BLAST search with the 13.6 kb insertion sequence revealed two predicted genes (Glyma.02G069400 and Glyma.02G069300) and inverted repeats (IR) on the terminal regions. The IR at 5 0 -terminus carried an imperfect palindrome (5 0 -TTCAAAGACGGTTATTA-NN-TAATAACC GTCTTTGAA-3 0 ) repeating 10 times, while the IR at 3 0 -terminus carried a~0.2-bp imperfect palindrome (GGTTT ACGACGGTTATTT-(72 bp)-ACTTTCTAAGGCGGTTATTG AAAACCGCCTTAGAATGT-(32 bp)-AAAAAACCGTCGTA ATCC). These IR regions share sequence similarity to the Tgm (transposon, Glycine max) family transposable elements (Vodkin et al., 1983; Rhodes and Vodkin, 1988; Wawrzynski et al., 2008; Xu et al., 2010) , suggesting that the insertion in GmFT2c resulted from a transposon insertion event. The 13.6 kb insertion showed a high sequence similarity with a genomic fragment on chromosome 6.
Another potential transposon insertion event was identified in the~33 kb intergenic region between GmFT2a and GmFT2b (Figure 2b, c) . The~23 kb insertion harbors inverted repeats at the 5 0 and 3 0 terminal regions and part of this region possessed a sequence similarity to the Tgm transposon family (Rhodes and Vodkin, 1988; Zabala and Vodkin, 2003; Xu et al., 2010) . This insertion was also present in all G. soja accessions we examined, suggesting that the insertion event occurred before domestication.
Similar to the tandem pair FT2a and FT2b, we found that FT2c also had a partner gene in tandem (Figure 2b , c). We designated this gene as FT2d. Dot plot comparison of the homologous synteny blocks: the GmFT2a and GmFT2b genomic region on chromosome 16 and the GmFT2c genomic region on chromosome 2 revealed that, downstream of GmFT2c, there was a~0.8 kb fragment showing a sequence similarity with part of a typical FT gene, including the second exon, the second intron, the third exon and the beginning of the third intron in the inverted direction (Figures 2b and S2 ). This fragment, the remnant of FT2d, showed higher similarities to GmFT2b than to GmFT2a in the nucleotide sequences and the length of the second intron. We amplified and sequenced the FT2d genomic region from several G. max and G. soja accessions and found that they possessed the same truncated gene structure, suggesting that the rearrangement of the FT2d locus occurred after the duplication of the FT2a-FT2b and FT2c-FT2d genomic regions and before domestication.
Genetic diversity of FT2c in G. max and G. soja
The G. max-specific transposon insertion in FT2c led us to explore the roles of FT2c for soybean domestication. We investigated the existence of the transposon insertion using a panel consisting of 85 G. soja accessions and 91 G. max accessions (90 landraces and Williams 82) that were selected from diverse maturity groups and geographic areas (Table S1 ). The maturity groups of these accessions ranged from MG 000 (early maturity) to MG X (late maturity), representing diverse maturity types adapted to different latitudes (Hartwig, 1970) . While none of the G. soja accessions carried the transposon insertion, we found that the majority of G. max landraces possessed the insertion (82 out of 91), suggesting that the transposon insertion event and its spread were associated with the soybean domestication process.
We next conducted sequencing analysis of the FT2c genomic region using representative 32 accessions selected from diverse maturity groups, including 16
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G. max (11 accessions carrying the insertion and five accessions no insertion) and 16 G. soja accessions (Table S1 ; Figure 3a ). We identified 24 single nucleotide polymorphisms (SNPs), four short indels (1-3 bp) and a 43-bp indel with a high sequence diversity in the third intron ( Figure 3a ). All these polymorphisms locate in noncoding regions, except two synonymous SNPs in the fourth exons. A haplotype tree showed three major clades among the 32 accessions: haplogroups I*/I, II and III. All G. max accessions carrying the insertion clustered together (haplogroup I*) under a major clade containing 2 G. max and 5 G. soja accessions in haplogroup I. The 11 G. max accessions in haplogroup I* contain no polymorphisms, while the 5 G. max accessions in haplogroups I and II possess 11 polymorphic sites. These observations suggest a recent single origin of haplogroup I*, likely during soybean domestication.
We determined haplogroups of all 176 accessions by sequencing a selected region (fragment a; Figure 3a ) on the third intron of FT2c that possessed SNPs distinguishing haplogroups I, II and III (Table S1 and (Song et al., 2013) and between G. soja and modern cultivars (0.16) (Li et al., 2014b) . Providing a possible signature of selection, the 82 haplogroup I* G. max accessions possess no polymorphisms (Table 1) , and the level of nucleotide diversity in G. max is~0.4-fold lower than the reported genome-wide nucleotide diversity in soybean landraces (Hyten et al., 2006) . In contrast, nucleotide diversity in G. soja is more than three-fold higher than that in G. max. In addition, a negative value of Tajima's D (À0.42) is observed in G. max. Furthermore, we found that frequencies of minor alleles are zero or extremely low across a~150 kb genomic region flanking the FT2c locus ( Figure 4a ). The extended haplotype homozygosity (EHH) analysis demonstrates the haplotype of the FT2c allele carrying the transposon insertion extends across the~150 kb FT2c flanking region ( Figure S4 ). Frequencies of minor alleles increased following the distance from the FT2c locus beyond the 150-kb region ( Figure 4a ) and the levels of the extended haplotype homozygosity (EHH) sharply decreased ( Figure S4 ), exhibiting a selective sweep. The magnitude of EHH at the FT2c locus is marginal at the 83rd percentile level among the genomic data on chromosome 2, but the significance of the haplotype extension at the FT2c locus in haplogroup I* is apparent compared with that in the other haplogroups in G. max (Figures 4a and S4 ). The observed severity of the sweep at the FT2c locus is equivalent to the previously reported 
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Glyma.02G069300 soybean domestication genes that experienced strong artificial selection at the early stage of soybean domestication: the pod shattering gene SHATTERING1-5 (SHAT1-5) that shows a~116-kb selective sweep (Dong et al., 2014) and the GmHs1-1 gene that controls seed hardness and exhibits a~160-kb selective sweep (Sun et al., 2015) . None of known flowering-related genes other than FT2c locates in the 150-kb block as well as in the~80-kb upstream region of FT2c that harbors moderately low minor allele frequencies (Figure 4b ). These observations are consistent with the scenario in which the spread of the FT2c allele carrying the transposon insertion occurred at the early stage of soybean domestication rather than at the subsequent diversification or improvement stage.
FT2c expression
To examine allelic variation of FT2c function, we performed quantitative RT-PCR (qRT-PCR) using seven accessions from haplogroup I* (all G. max), seven accessions from haplogroup I (three G. max and four G. soja), seven accessions from haplogroup II (five G. max and two G. soja) and two G. soja accessions from haplogroup III in diverse maturity groups (Figure 5a ). While all haplogroup I* accessions exhibited extremely low expression of FT2c regardless of their maturity groups, accessions in haplogroups I, II and III showed 5-to 20-fold higher expression than accessions in haplogroup I*, indicating that the drastic decrease of FT2c expression is not associated with maturity groups, but with the transposon insertion. Similarly, the near isogenic line (NIL) that carried haplogroup II FT2c introgressed into Williams 82 from G. soja (PI 549046) showed high expression of FT2c, supporting the association between the drastic decrease of FT2c expression and the transposon insertion.
Suggesting possible functional redundancy, the photoperiodic response of FT2c mRNA expression in G. soja appeared identical to that of FT2a, a known flowering inducer (Figure 5b, c) . While both genes are expressed at extremely low levels under long-day conditions, they exhibited diurnal patterns with a peak at 8 h after dawn (T3) under flowering-inductive short day. In contrast, the N-and C-terminus FT2c transcripts in G. max (Glyma.02G069200 and Glyma.02G069500) showed low expression and no obvious photoperiodic response. Tissuespecific expression of FT2c in G. soja also resembled that of FT2a, exhibiting high accumulation in all the examined leaves, but untraceable in hypocotyls, stems, flower buds, pods and seeds (Figure 5d ).
Flowering effects of FT2c alleles
The function of GsFT2c was tested by heterologous complementation. GsFT2c, GsFT2a or GsFT2b coding sequence was overexpressed by the cauliflower mosaic virus (CaMV) 35S promoter in Arabidopsis ft-10 mutant to assess whether these genes were functionally equivalent to Arabidopsis FT (AtFT). Resembling the early flowering phenotype of 35S::AtFT, the 35S::GsFT2c, 35S::GsFT2a and 35S:: GsFT2b plants flowered significantly earlier than ft-10 and wild type plants under both long-day ( Figure 6a ) and short-day conditions. In sunflower (Helianthus annuus), the domesticated allele of the FT homologue HaFT1 possesses a frame-shift mutation and is suggested to cause a dominant-negative effect on another FT homologue HaFT4 (Blackman et al., 2010) . To examine whether GmFT2c carrying the transposon insertion would act in a similar dominant-negative manner, N-or C-terminus GmFT2c transcripts (Glyma.02G069200 and Glyma.02G069500) were overexpressed in wild-type Arabidopsis plants or in ft-10 mutant (Figure 6b) . No obvious flowering time effects were observed in these transgenic plants (Figure 6c ). Together with their photoperiodic response and tissue-specific expression patterns (Figure 5 ), these results suggest that GsFT2c, as well as GsFT2b, encodes a functional protein which promotes flowering redundantly with GsFT2a.
The function of FT2c in photoperiodic flowering is demonstrated by the soybean NIL carrying the GsFT2c allele introgressed in the Williams 82 genome (Figures 7 and S5). Under flowering-inductive short day, the plants carrying the homozygous wild GsFT2c allele (WW) flowered slightly earlier than the plants carrying the homozygous domesticated GmFT2c allele (DD) (P < 0.05) in the segregating F2 population. Confirming the flowering effect, the GsFT2c NIL carrying the wild allele (WW) flowered 2.8 days earlier than Williams 82 carrying the domesticated allele (DD) (P < 0.01). Under long day, the GsFT2c NIL (WW) flowered 2 days later than Williams 82 (DD) (P < 0.01), but greater variation in flowering time was observed in the NIL (WW) than in Williams 82 (DD). This flowering effect was not observed in the F2 population. These observations indicate that GsFT2c functions as a flowering inducer in the Williams 82 genomic background, while the domesticated FT2c allele causes delayed flowering under short day.
DISCUSSION
Gene duplications lead to retention of the original function, neofunctionalization, subfunctionalization or degeneration to form a pseudogene (Conant and Wolfe, 2008; Kaessmann, 2010) . Our results revealed that the four soybean FT paralogs in the FT2 lineage, FT2a, FT2b, FT2c and FT2d that derived from duplication events went through contrasting evolutionary paths during the evolution of soybean (Figure 8 ). FT2a maintained the flowering inducer function and strong photoperiodic response in mRNA expression, whereas FT2b evolved attenuated expression potentially due to the transposon insertion in the upstream intergenic region or other regulatory mutations, and FT2c and FT2d gained transposon insertion and rearrangement, respectively. In sharp contrast to FT2b and FT2d whose mutational events occurred in the distant past before the separation of G. max and G. soja, the evolution of FT2c is a G. max lineage-specific event that occurred during soybean domestication.
Our results suggest the possibility that the domesticated FT2c allele carrying the transposon insertion spread during the early stage of soybean domestication. Although a number of genes have been shown to underlie variations in important agronomic traits in soybean, only two genes: SHAT1-5 that is involved in pod shattering (Dong et al., 2014) and GmHs1-1 in seed hardness (Sun et al., 2015) , are currently known as the domestication genes that were artificially selected at the early stage of soybean domestication, whereas other genes played a role in the subsequent diversification or improvement process (Sedivy et al., 2017) . The domesticated FT2c allele is nearly fixed in soybean landraces, harbors no polymorphisms, exhibits a signature of selection and affects photoperiodic flowering. These characteristics are consistent with those of a domestication gene that arose as a result of artificial selection during domestication.
It is generally considered that crop cultivation favors earlier and more synchronous flowering. Interestingly, the domesticated FT alleles in both soybean and sunflower cause slightly later flowering than the wild alleles, indicating that human selection acted on flowering time may have been more complex than previously thought. A plausible possibility is that loss of a copy of FT may have helped to gain reduced sensitivity to photoperiods. Geographic expansion of short-day crops generally requires a diminished photoperiodic response. Supporting the possible role of FT2c in photoperiod sensitivity, the late-flowering effect of the domesticated FT2c allele was apparent under flowering-inductive short day (Figure 7) . Although the FT2c locus has not been reported in previous QTL and genome-wide association studies for flowering time variation, the observed flowering time effect of FT2c is severer than that of known major E loci and the previously reported FT2a and FT5a QTLs under short day (Xia et al., 2012; Wu et al., 2014; Takeshima et al., 2016; Zhao et al., 2016) . It is also possible that the moderate length of vegetative growth may be favored for higher yield potential during the early stage of soybean and sunflower domestication. Selection for diminished photoperiod sensitivity or later flowering could have occurred consciously or unconsciously as a result of cultivation practices in agro-ecological environments during early domestication (Meyer and Purugganan, 2013) . Such selection would not have compromised synchronous photoperiodic flowering, as both soybean and sunflower possess multiple FT homologues, some of which retain the FT function in photoperiodic flowering promotion (Blackman et al., 2010; Kong et al., 2010; Nan et al., 2014 ). An alternative possibility is that the domesticated FT alleles may have spread as a result of favorable pleiotropic effects. In sunflower, the late-flowering effect of the domesticated HaFT1 allele associates changes in other photoperiod-regulated traits, including anthesis date and disc diameter, which may be caused by direct pleiotropic effects of the HaFT1 locus or indirect effects of the change in developmental timing (Blackman et al., 2010) . Although pleiotropic effects was not noticeable under our experimental conditions, the possibility in which the domesticated FT2c allele possesses unidentified roles under different environments or in different genomic backgrounds was not examined in the present study. In addition, the possibility that another gene with unknown function nearby FT2c is the target of artificial selection cannot be excluded. Although no floweringrelated genes exist, 23 other genes locate within the high LD block with FT2c (Figure 4b ). Alternatively, it is possible that the fixation of the domesticated FT2c allele may have occurred due to lack of genetic variation caused by bottleneck effects of domestication.
FT has underlain the evolution of flowering control across a number of crop species, including soybean Zhao et al., 2016) , rice (Tsuji et al., 2011; Ogiso-Tanaka et al., 2013) , maize (Bouchet et al., 2013) and sugar beet (Pin et al., 2010) , whereas our findings on soybean FT2c, together with sunflower FT, point to the possibility that FT homologues are a target of artificial selection in domestication of multiple crops. Only a few examples of recurrent selection on a domestication gene are known to date. The YABBY transcription factor Shattering1 (Sh1) is repeatedly targeted by artificial selection in three separate origins of the loss of seed shattering in Sorghum, representing three independent domestication events of different Sorghum species (Lin et al., 2012) . The Sh1 orthologues also underlie non-seed shattering in maize and rice. Another example is the well known domestication gene tb1 in maize that differentiates vegetative shoot architecture from its wild ancestor teosinte (Clark et al., 2004) . tb1 homologues are targets of selection in multiple grass crops: TB1 in pearl millet (Remigereau et al., 2011) and INT-C in barley (Ramsay et al., 2011) . However, these tb1 homologues function in different traits from maize tb1: reproductive meristem identity in pearl millet and spikelet fertility in barley, and are selected during the subsequent diversification process of these species.
Resembling the parallel evolution of FT, CO homologues are known to have driven the evolution of flowering control in multiple wild and cultivated species, including Arabidopsis (Rosas et al., 2014) , rice (Fujino et al., 2010) , Sorghum and foxtail millet . These examples highlight remarkable evolutionary parallelism acting on the flowering gene network, converging at the regulatory module CO and FT over hundreds of other flowering genes. Possible causal factors of this evolutionary conversion may include the fact that both CO and FT are the members of rapidly expanding gene families in plant kingdom (Griffiths et al., 2003; Wickland and Hanzawa, 2015) , providing an abundant source of functional novelty while preserving their original function. In addition, striking connectivity of CO and FT in the flowering gene network (Imaizumi et al., 2005; Turck et al., 2008; Fornara et al., 2009 ) may place mutations in these genes epistatic to other mutations in the genome for their phenotypic expression, leading to evolutionary conversion in the flowering gene network.
Although less information is available compared to CO and FT, there likely are other flowering genes that are potential recurrent targets of artificial selection. The photoperiodic flowering regulator GI, the causal gene of the soybean E2 maturity locus, underlies variation in circadian rhythms in Brassica rapa (Xie et al., 2015) and flowering time in bread wheat (Rousset et al., 2011) and African Sorghum (Bhosale et al., 2012) . The circadian clock gene EARLY FLOWERING 3 (ELF3) also underpins flowering time variation in diverse crop plants including pea, lentil (Weller et al., 2012) and barley (Faure et al., 2012) . Although comparative studies of genetic bases for the evolution of phenotypic similarities under crop domestication have just begun, our work underscores the evolutionary dynamics of the FT gene family in the important agronomic trait photoperiodic flowering, shaping the evolution of diverse crop species at the genetic level.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Seeds of the all soybean accessions (85 G. soja accessions and 91 G. max accessions) (Table S1 ) were obtained from the USDA Soybean Germplasm Collection. Soybean plants were grown in the greenhouse under short day (10 h light) or long-day (16 h light) conditions at 25°C as described previously (Wu et al., 2014) on the custom soil mix Vodkin mix consisting of the 2:1 ratio of the soybean mix and the universal mix. The soybean mix contains the 1:1:1 ratio of soil, perlite and torpedo sand, and the universal mix contains the 1:1:1 ratio of soil, peat and perlite. A near isogenic line (NIL) of GsFT2c was originally generated as part of a mapping population consisting of 115 recombinant inbred lines (RILs) by crossing the reference G. max accession Williams 82 (PI 518671) and the G. soja accession (PI 549046), followed by backcrossing into G. max for four times and selfing for four generations. The RIL (LG08-7390) carrying GsFT2c was identified by PCR using the primers yh409 and yh483 for the 13.6-kb insertion, and homozygosity was verified using the primers yh409 and yh400 flanking the insertion (Table S2 ). The RIL was again backcrossed with Williams 82 and the GsFT2c NIL was identified by PCR. The GsFT2c NIL used in this study carries a G. soja genomic fragment of approximately 3.3 Mbp. Genotypes of major E loci: E1, E2, E3 and E4 were tested by PCR as described previously (Xu et al., 2013; Langewisch et al., 2014) and confirmed that both Williams 82 and the GsFT2c NIL carried the same alleles (e1/e1, E2/E2, E3/E3 and E4/E4). Primers used for genotyping are listed in Table S2 .
Arabidopsis plants were grown on Sunshine Mix LC1 (Sun Gro Horticulture, Agawam, MA, USA) in growth chamber under long day (16 h light) with white fluorescence light at 22°C. For flowering time measurement, the numbers of rosette leaves were counted after the inflorescence elongated.
Genotyping
Soybean genomic DNA was isolated using organic extraction and Cetyl trimethylammonium bromide methods (Springer, 2010) . The primers yh409 and yh309 flanking the 13.6 kb insertion of GmFT2c were used to amplify the fragment b (Figure 3a) for genotyping the existence of the insertion in a panel of 85 G. soja accessions and 91 G. max accessions (Table S1 and Figure S3 ). Polymorphisms in the FT2c genomic region were identified by sequencing the full-length FT2c genomic region amplified from 16 G. soja accessions and 16 G. max accessions by PCR using the primer pairs yh383 and yh408, and yh401 and yh309. The obtained sequences were aligned and the haplotype tree was constructed as described below. To determine haplotypes of the 85 G. soja and 91 G. max accessions, the fragment a (Figure 3a) containing representative SNPs for haplotypes I, II and III was amplified using the primers yh401 and yh440 and sequenced. All primers used for amplification and sequencing are listed in Table S2 .
Phylogenetic analysis and dot plot analysis
Full-length protein sequences of soybean FT2c and FT homologues from Arabidopsis, soybean (Kong et al., 2010) , pea and Medicago truncatula (Hecht et al., 2011) were aligned using ClustalW in MEGA 6 (Tamura et al., 2013) with default parameters (pairwise alignment gap opening = 10.0, pairwise alignment gap extension = 0.1, multiple alignment gap opening = 10.0, multiple alignment gap extension = 0.2, and minimum gap separation distance = 4). A haplotype tree was generated by the neighbor-joining method using MEGA 6 (Tamura et al., 2013) . Bootstrap analysis was conducted using 1000 replicates. A dot plot was created using NCBI BLAST (http://blast.ncbi.nlm.nih.gov/, align two or more sequences) with the default algorithm parameters. The Williams 82 genomic sequence and predicted gene models were obtained from the Phytozme database (http://www.phytozome.net/).
Gene expression analysis
The soybean growth condition and the sampling strategy for the circadian expression were described previously (Wu et al., 2014) . Plants were grown in the greenhouse under short day (10 h light, 6:45-16:45) or long-day (16 h light, 6:45-22:45) conditions at 25°C and were sampled every 4 h at six time points, T1-T6 (6:30, 10:30, 14:30, 18:30, 22:30, and 2:30) , over a 24-h time period 3 weeks after germination. A whole shoot above the cotyledon, including three to four trifoliates, stem and shoot meristems, was harvested. Three to four biological replications were sampled for each time point and photoperiod condition.
For developmental time course of FT2c and FT2a expression, Williams 82 and G. soja (PI 549046) were grown in the greenhouse and young fully developed trifoliates were sampled at 8 h after dawn on days 9, 17 and 25 after emergence under short day (10 h light) and on days 15, 25, 35, 45, 55 and 65 after emergence under long day (16 h light) with three to four biological replications.
For the allelic variation in FT2c mRNA expression, G. max and G. soja accessions in diverse maturity groups and FT2c haplogroups were grown in the greenhouse under short-day conditions (10 h lights, 6:45-16:45). Fully developed trifoliates were sampled at 13:00 20 days after germination with three to four biological replications.
For the tissue-specific expression of FT2c and FT2a, Williams 82 and G. soja (PI 549046) were grown in the greenhouse under short-day conditions (10 h light, 6:45-16:45). Organ and tissue sampled include hypocotyl, stem, unifoliates, trifoliates (1st, 2nd and 3rd), flower buds, pods (at early, mid and late stages) and seeds (at early and late stages). All were sampled at 13:00 after flowering about 1 month after germination with three to four biological replications.
Plant samples stored in À80°C were first disrupted in a mortar for homogenization and then ground by the TissueLyser II (Qiagen, Hilden, Germany) in frozen condition. The fine powder was then used for the RNA preparation following the protocol of the E.Z.N.A.
â Plant RNA Kit (Omega Bio-Tek, Norcross, GA, USA). The RNA samples were measured for the quality and quantity using the NanoDrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and cDNA libraries were synthesized using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA).
Quantitative RT-PCR
The quantitative RT-PCR (qRT-PCR) was performed using a StepOnePlus ™ Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA), following the manufacturer's manual of Power SYBR â Green Master Mix (Life Technologies, Warrington, UK). Genespecific primers used for qRT-PCR are listed in Table S2 . All reactions were carried out in a MicroAmp â Fast Optical 96-Wells reaction plate (Applied Biosystems â ) with an optical adhesive film (Applied Biosystems â ), with a total volume of 15 ll per well consisting of 7.5 ll 2 9 Power SYBR â Green Master Mix, 6.4 ll sterilized distilled water, 0.3 ll of 10 M each primer, and 5 ll diluted template. The resulting data were recorded and analysed by the StepOne ™ /StepOnePlus ™ Software v2.3. Transcript levels were calculated relative to that of the reference gene ACTIN11 (Table S2) . Each PCR reaction was performed twice or three times and all data were presented as means AE standard error of the mean (SEM).
Gene cloning, vector construction and Arabidopsis transformation
To clone the full-length cDNA of G. soja FT2c (GsFT2c), the fourth exon and 3 0 UTR of GsFT2c were first amplified using the primers yh308 and yh309 that were designed based on the partial sequence of G. max FT2c (GmFT2c) available on Phytozome database at that time and cloned into the TA cloning vector pCR2.1 (Invitrogen, Carlsbad, CA, USA). The obtained clones were sequenced for validation. Based on the sequence of the cloned FT2c fourth exon, we then designed GsFT2c specific PCR primers yh318 and yh319 and carried out 5 0 RACE (Scotto-Lavino et al., 2006) to amplify the 5 0 region of GsFT2c. Successfully obtained PCR fragments were cloned into the vector pCR2.1 and sequenced. Based on the cloned 5 0 region sequence, the primer yh383 at the 5 0 -UTR of GsFT2c was designed. Using this primer yh383 and the primer yh309 at the 3 0 -UTR, the full-length GsFT2c cDNA was amplified from the cDNA library of G. soja grown under short day. The coding sequences of G. soja FT2a and FT2b were amplified from the G. soja cDNA library using the published primer pairs (Kong et al., 2010) designed based on the Williams 82 genomic sequence. The full-length cDNAs of Arabidopsis FT (AtFT) were amplified from the cDNA library of Arabidopsis Col-0 grown under long day using the gene-specific primers yh315 and yh316. For the cloning of the N-terminus cDNA of GmFT2c (first, second and third exons), a stop codon was introduced and the last basepair on the third exon was removed in the reverse primer yh438. For the cloning of the C-terminus cDNA of GmFT2c (4 th exon), a start codon was introduced and the first two basepairs on the fourth exon was removed in the forward primer yh439 in order to keep the translation in frame.
The amplicon was gel purified using E.Z.N.A. â Gel Extraction Kit (Omega Bio-Tek) and then cloned into the pCR8 vector (Invitrogen) following the manufacturer's instruction. Several independent clones were sequenced for validation purposes. The validated clones were transferred to the binary vector pEarley100 (Earley et al., 2006) via the LR Gateway recombination reaction following the manufacturer's instruction (Invitrogen). Arabidopsis plants (ft-10 mutant or wild type Col-0) were infected with the Agrobacterium tumefaciens strain pGV3101 transformed with the obtained pEarley100 clones using the floral dipping method (Clough and Bent, 1998) . For screening T1 transformants, T1 seeds obtained from the dipped plants were grown on soil under shortday condition and sprayed with BASTA (5.78% (w/v) ammonium glufosinate) at least three times. The presence of the transgene in T1 and T2 plants was confirmed by PCR using 35S promoter yh306 and FT2c gene-specific primer yh309.
Genetic diversity and differentiation analysis
In total, 141 SNP markers retrieved from Soybase (http://soybase. org/snps) (Song et al., 2013) , spanning the~1.7 Mb region on chromosome 2 harboring FT2c, were used for examining the level of genetic diversity. Allele frequencies were calculated for haplogroup I* (82 G. max accessions), haplogroups I and II (9 G. max accessions) and haplogroups I, II and III (95 G. soja accessions). Minor allele frequencies (0-0.5) were obtained as the number of accessions carrying minor alleles divided by the number of total accessions.
The extended haplotype homozygosity (EHH), the probability that any two randomly chosen chromosomes carrying the ancestral or derived allele at a given SNP are identical by descent for the interval from the SNP to a distance x, and the integrated haplotype homozygosity (iHH), the area under the EHH curve against map position, were calculated using the 'rehh' package in R (Gautier and Vitalis, 2012). The integrated haplotype score (iHS) was obtained as the standardized log-ratio of the iHH for the ancestral and derived alleles, and bilateral P-value was calculated with the equation Àlog 10 [ 1-2|Φ iHS -0.5| ]. The transposon insertion in FT2c was defined as the core SNP and a randomly selected G. soja accession (PI 065549) was used as the ancestral allele.
A fragment on the third intron region of FT2c was sequenced for allelic diversity in the 85 G. soja accessions and 91 G. max accessions. Population genetic statistics including p and Tajima's D were calculated using MEGA 6 (Tamura et al., 2013) . F ST was calculated with the equation F ST = (H T -H S )/H T , where H S is the average expected heterozygosity across subpopulations and H T is the expected heterozygosity of the total population.
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Sequences of FT2c haplotypes are available in GenBank/ EMBL databases with the accession numbers KP295450-KP295462.
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